Previous studies have reported that high concentrations of homocysteine and lower concentrations of vitamins B6, B12, and folate increase the risk for cognitive decline and pathology in aging populations. In this cross-sectional study, high resolution magnetic resonance imaging (MRI) scans and a 3-day food diary were collected on 32 communitydwelling adults between the ages of 59 and 79. We examined the relation between vitamins B6, B12, and folate intake on cortical volume using an optimized voxel-based morphometry (VBM) method and global gray and white matter volume after correcting for age, sex, body mass index, calorie intake, and education. All participants met or surpassed the recommended daily intake for these vitamins. In the VBM analysis, we found that adults with greater vitamin B6 intake had greater gray matter volume along the medial wall, anterior cingulate cortex, medial parietal cortex, middle temporal gyrus, and superior frontal gyrus, whereas people with greater B12 intake had greater volume in the left and right superior parietal sulcus. These effects were driven by vitamin supplementation and were negated when only examining vitamin intake from diet. Folate had no effect on brain volume. Furthermore, there was no relationship between vitamins B6, B12, or folate intake on global brain volume measures, indicating that VBM methods are more sensitive for detecting localized differences in gray matter volume than global measures. These results are discussed in relation to a growing literature on vitamin intake on age-related neurocognitive deterioration. 
Introduction
Elderly individuals are susceptible to neurodegenerative diseases that are characterized by cognitive and emotional dysfunction, and severe cortical and subcortical deterioration.
Research into risk factors and interventions for dementia has suggested that certain lifestyle factors such as physical activity and a diet higher in B vitamins and anti-oxidants could reduce the risk of developing neuropathological conditions (Kramer et al., 2004; Obeid and Herrman, 2006) . For example, intake of vitamins B6, B12, and folate is inversely related to circulating total homocysteine levels (tHcy), a non-essential amino-acid derived from methionine metabolism. In vitro studies have shown that homocysteine damages vascular endothelial cells, causing an increase risk of stroke (Bostom et al., 1999; Bots et al., 1999) and has a direct excitotoxicity effect on the brain by binding to n-methyl-D-aspartate (NMDA) receptors (Lipton et al., 1997) . Homocysteine also increases oxidative stress and amyloid-β-induced apoptosis (Ho et al., 2001) , which can be prevented by folate supplementation (Ho et al., 2003) . People with neurodegenerative diseases have higher levels of circulating tHcy and people with Alzheimer's disease (AD) that have higher baseline levels of tHcy show a more rapid progression of the disease over a three-year period (Clarke et al., 1998) . In addition, serum folate levels are negatively correlated with severity of post-mortem cerebral atrophy in AD patients (Snowdon et al., 2000) . These effects have prompted speculation that greater intake of B vitamins may reduce the risk or reverse some of the deleterious symptoms associated with high tHcy and dementia. Recent clinical trials suggest that B vitamin supplementation reliably reduces tHcy levels in pathological populations, but only some have found that this reliably improves cognitive performance (Abyad, 2002; Eastley et al., 2000) . It is possible that vitamin supplementation or higher intake should be initiated earlier in life and well before a prognosis of dementia is made (Obeid and Herrman, 2006) . The effects of vitamin intake and tHcy are also evident in non-pathological aging. Older adults are susceptible to hyperhomocysteinemia due to either less dietary intake or reduced gastrointestinal absorption of the B vitamins (Selhub et al., 1993; Selhub et al., 2000) . Goodwin et al. (1983) demonstrated that low levels of folate and vitamin B12 were related to poorer neurocognitive function in community-dwelling elderly. Others have replicated this for a variety of tasks in both older men and women (e.g. Budge et al., 2002 , however, see Kang et al., 2006 . In a longitudinal study of 841 elderly people higher tHcy levels were related to greater cognitive decline over a 4-year period (Dufouil et al., 2003) . However, a recent randomized clinical trial of 24 weeks of vitamin B12 and folic acid supplementation in older adults with mild vitamin B12 deficiency showed no differences on any cognitive measures between placebo and treatment groups (Eussen et al., 2006) . This effect replicates others that have also failed to find positive effects on cognition in clinically randomized trials (Hvas et al., 2004; McMahon et al., 2006) . Some authors have argued that neural deterioration may be too severe in some circumstances for short-term supplementation to reverse or inhibit age-related cognitive decline (Obeid and Herrman, 2006) . Therefore, it remains questionable whether lower B vitamin intake and higher tHcy are simply markers of cognitive decline and pathology or whether they represent a significant causal risk factor associated with neurocognitive deterioration (Seshadri, 2006) .
Neuroimaging methods that allow for a non-invasive investigation of brain morphology and function provide another means to study the effects of B vitamin intake and tHcy in aged individuals. For example, higher levels of tHcy are related to Fig. 1 -Results from the multiple regression analysis of total (both dietary intake and supplementation) vitamin B6 on gray matter volume as assessed by VBM. Statistical maps were thresholded at a voxel-wise Z-score of 3.1 (p < .001). Images are displayed in radiological (R = L) orientation. Effects were seen along the medial wall, anterior cingulate cortex/supplementary motor area, left parietal lobule, and bilateral middle temporal gyrus. X and Z values represent slice coordinates. These effects were negated when examining vitamin B6 intake only from the diet.
more advanced atrophy of the medial temporal lobe in people with AD, and the rate of atrophy over a three-year period is more rapid in those with higher tHcy levels at the initial assessment (Snowdon et al., 2000) . Both hippocampal width (Williams et al., 2002) and volume (Bleich et al., 2003) , and anterior lateral ventricle-brain ratios (Sachdev et al., 2002) , are inversely related to tHcy levels. In addition, two studies have reported that higher tHcy levels are associated with greater global cortical atrophy (Whalley et al., 2003) .
Other studies, however, have failed to find any relationships between tHcy, or vitamin B levels, and brain volume or atrophy measures. For example, in a study of 385 communitydwelling older adults (Sachdev, 2004) , there was no relationship between tHcy levels and cortical or subcortical brain atrophy indices. Other studies have also failed to find an association between tHcy levels and global measures of cortical atrophy (Sachdev et al., 2002; Longstreth et al., 2004) .
One potential explanation for this discrepancy is that different methods employed for examining brain volume or atrophy (e.g. ventricle-brain ratios, global gray matter volume, manual tracing), differ in their sensitivity for detecting localized differences in brain volume. It is possible that the effects of tHcy and vitamin intake affect certain brain regions and not others and that measures of global or central atrophy may be insensitive to localized effects.
Given that tHcy levels are inversely related to B vitamin intake, we examined the influence that vitamins B6, B12, and folate intake has on gray and white matter volume in a community-dwelling elderly population. To this end, we used (a) an optimized voxel-based morphometry (VBM) technique (Ashburner and Friston, 2000) that examines volumetric differences throughout the brain on a voxel-by-voxel basis and provides spatially specific conclusions about brain volume, and (b) global measures of gray and white matter volume that lack regional spatial specificity. We were then able to compare the ability of each technique to detect differences in brain volume as a function of B6, B12, and folate intake.
Results

VBM
We assessed whether there was an association between vitamins B6, B12, and folate intake on brain volume measures (partial volume estimates) via a multiple regression model with each of the vitamins as a separate independent variable of interest and age, sex, years of education, and total calorie consumption as covariates of no interest. We found a significant positive association between gray matter volume and intake of vitamin B6 after controlling for age, body mass index (BMI), sex, calorie intake, and years of education (all voxels exceeding a statistical threshold of Z=3.1 (p< .001)). These effects were found along the anterior medial wall including the anterior cingulate cortex and supplementary motor area (mean Z-score= 3.31, p< .0005; peak Z-score= 3.77, p< .0001) and a separate cluster along the posterior cingulate cortex and medial parietal cortex (mean Z-score= 3.37, p< .0004; peak Z-score= 3.95, p< .0001). In addition, we found greater volume in the left parietal lobule (mean Z-score = 3.37, p < .0004; peak Z-score = 4.39, p <.0001), bilateral superior frontal gyrus (mean Z-score= 3.19, p <.001; peak Z-score =3.35, p< .0004), and bilateral middle temporal gyrus (mean Z-score =3.27, p< .0005; peak Z-score= 3.53, p <.0002) with greater intake of B6 (see Fig. 1 and Table 2 ). These effects can be considered robust and statistically independent of age, sex, years of education, and total calorie consumption.
We examined whether the regions showing a positive relation between intake of B6 and volume were driven by B6 obtained from the diet versus that obtained from supplementation (see Experimental procedures). We found that the positive effect of vitamin B6 on brain volume was negated when only examining intake obtained from the diet. In other words, there were no voxels that reached statistical criterion when only examining B6 intake from the diet. Intake from supplementation was driving the observed effects of B6 on the volume measurements in all regions. This effect was interesting since every participant either met or surpassed the recommended Dietary Reference Intake for B6 for this age group (1.5-1.7 mg/day) from their diet alone (see Table 1 ). For example, in the regions that were found to vary as function of total vitamin B6 intake, the anterior cingulate and pre-supplementary motor area had a mean Z-score of −1.19 and a peak Z-score of .12 when assessing vitamin B6 intake from the diet. Similarly, the mean Z-score in the posterior cingulate cortex when examining the effects of vitamin B6 obtained from the diet was −.37 and the peak Z-score in this region was .87. These values were far removed from the Z-scores obtained when combining dietary intake with supplementation and demonstrate that the effects of vitamin B intake on brain volume measures were driven by supplementation and not through dietary intake from food.
We also found a positive association between gray matter volume and intake of vitamin B12 after controlling for age, BMI, sex, calorie intake, and years of education. These effects were Note that the recommended daily intake for this age group for vitamin B6 (males: 1.7 mg; females: 1.5 mg), vitamin B12 (2.4 μg), and folate (400 μg) has all been met or surpassed by the participants in our sample. Total amounts represent the sum of vitamin intake from both the diet and supplementation. Diet values represent the vitamin intake from the diet and not from supplementation. The supplement values represent the intake from supplementation and not from the diet. The averages from the supplementation rows are only from those people who reported taking supplementation.
found in the posterior parietal lobule (left mean Z-score = 3.36, p < .0004; left peak Z-score= 3.85, p < .0001; right mean Z-score = 3.33, p < .0004; right peak Z-score= 3.65, p < .0001), bilaterally (see Fig. 2 ). Similar to B6, these effects were negated when only examining intake from the diet and were therefore, being driven by supplementation (see Table 2 for coordinates and locations). As with B6, every participant either met or surpassed the recommended Dietary Reference Intake for B12 for this age group (2.4 μg/day) from their diet alone. For example, when examining the effects of dietary vitamin B12 levels in both the left and right parietal lobule we found that the mean Z-scores were substantially reduced (left mean Z-score = .10; right mean Z-score = .08). There were no effects of folate intake from either the diet or from supplementation on any region of the brain, and no white matter effects for any of the variables. Furthermore, there were no areas that showed a negative relationship between intake and brain volume.
For the factors that we treated as covariates of no interest, age had a significant negative correlation with gray matter volume throughout much of the cortex including prefrontal, parietal, and temporal cortices. Similar age effects have been reported previously (Kramer et al., 2004; Erickson et al., 2005) . There were no main effects for years of education, sex, total calorie consumption, or BMI.
As an additional analysis, we included total gray matter volume for each subject as a covariate in the statistical analysis (Mechelli et al., 2005) . The addition of this covariate did not alter the B6 or B12 results as reported above.
Global gray and white matter
We failed to find any association between either total gray matter or total white matter with either total, dietary, or supplemental intakes of B6, B12, or folate after adjusting for variance associated with age, BMI, sex, calorie intake, and years of education (see Table 3 for adjusted correlation coefficients).
Discussion
In this study, we examined the influence of vitamins B6, B12, and folate intake on brain volume in a sample of communitydwelling older adults. We found that although all participants met or surpassed the recommended Dietary Reference Intake for each of the B vitamins, greater intake of vitamins B6 and B12 were reliably associated with greater gray matter volume in specific cortical regions. Interestingly, this effect was driven by vitamin supplementation, such that the positive association of vitamins B6 and B12 was negated when only examining dietary intake. In short, our results provide the first evidence that intake, and specifically supplementation of B6 and B12, is positively related to brain volume in older adults. Previous studies have related circulating tHcy levels to cortical and subcortical atrophy measures and have reported Fig. 2 -Results from the multiple regression analysis of total (both dietary intake and supplementation) vitamin B12 on gray matter volume as assessed by VBM. Statistical maps were thresholded at a Z-score of 3.1 (p < .001). Images are displayed in radiological (R = L) orientation. Effects were observed in the bilateral superior parietal lobule. The Z values represent the slice coordinates. These effects were negated when examining vitamin B12 intake only from the diet. Table 2 -Regions, cluster sizes (in number of voxels), peak Z-scores within each cluster, and the X, Y, Z coordinates for the location of each peak in MNI space for effects of total B6 intake and B12 intake (both diet and supplementation)
Region
Cluster size (voxels) Adjusted correlation coefficients and probability values associated with total intake, dietary intake, and supplement intake for vitamins B6, B12, and folate after adjustment for age, sex, BMI, calorie intake, and years of education. The supplement rows were calculated by only using the participants who reported supplementation use. There were no significant relationships between any of the variables and global measures of brain volume.
contradictory findings (e.g. Snowdon et al., 2000; Sachdev, 2004) . We suggested that the discrepant findings might be partially accounted for by differences in the sensitivity of the techniques employed to examine brain volume. For example, some of the studies that failed to find a relationship between tHcy and brain volume employed global cortical measures that may be insensitive for detecting isolated effects in the brain (Sachdev et al., 2002; Longstreth et al., 2004) . The results from our study suggest that vitamin intake is related to the volume of tissue in some brain regions and not others, and VBM methods, or measures that are able to assess volume in particular regions of the brain, may be more sensitive for detecting these effects. This suggests that methodological differences could account for some of the variability between previous studies. The brain areas that varied with intake have been linked to memory and executive processes. Aging has been associated with volume loss in these regions with concomitant loss in cognitive functioning (Rodrigue and Raz, 2004) . Therefore, spared tissue in these regions with greater B vitamin intake may have consequences for cognitive functioning in older adults. However, since we did not collect cognitive measures we could not determine the relationship between brain volume indices and cognitive function. Because of this, the clinical significance of our findings is unknown.
Levels of vitamins B6, B12, and folate are often inversely related with tHcy levels. Due to reduced gastrointestinal absorption of the B vitamins, older adults have a higher risk for developing hyperhomocysteinemia, which may increase the risk for stroke (Bostom et al., 1999 ) and Alzheimer's disease (Snowdon et al., 2000) . In this study, we assessed daily intake of the B vitamins and vitamin supplementation and did not directly measure tHcy. Therefore, we cannot determine whether the brain regions we found to be positively related with B vitamin supplementation were inversely related to tHcy. It will be important for future research to relate the volume of these brain areas to circulating levels of B vitamins and/or tHcy.
Our findings should be interpreted in the context of a few limitations. First, although a 3-day food diary has frequently been used to study nutrient intake in older adults (Melanson et al., 2006) , and similar assessments have been validated (e.g. Luhrmann et al., 1999) , it is more subjective and prone to error than other more objective measures (e.g. blood). Participants often misreport their daily intake or underestimate portion sizes in food diaries. In this study, all participants met with a registered dietitian in order to clarify portion sizes and correct misrepresentations in the diet, however there remains a possibility of error associated with this form of assessment. Despite this limitation we were still able to detect volume differences as a function of vitamins B6 and B12 intake from a 3-day food diary with a high probability (p < .001). A second limitation in this study is that our sample size only consisted of 32 participants. Although we were still able to detect effects with this sample size, a larger sample is optimal for VBM comparisons. In addition, there is an increased risk for false positive results because the statistical threshold used for VBM was not corrected for multiple comparisons. Finally, this study was cross-sectional and therefore we cannot conclude that greater intake of vitamins B6 and B12 causes less tissue deterioration with age. It is possible that our participants who had more gray matter volume in these regions chose to eat healthier and make use of vitamin supplements. Despite these limitations, our study provides intriguing results for the use of B vitamin intake on brain volume and adds to a growing literature on the inverse relationship between vitamins B6, B12, and folate on tHcy levels and the risks and effects of tHcy and vitamin intake on cognition and the brain in both pathological and non-pathological aging populations.
In sum, we report the first evidence that greater intake of vitamins B6 and B12 in a community-dwelling, non-pathological aging population is associated with greater gray matter volume. It is likely that cognitive tasks that rely on these brain regions will be the most susceptible to B vitamin deficiency and measures of global cortical atrophy may not be sensitive enough to detect the specificity of these effects.
4.
Experimental procedures
Participants
Thirty-two community-dwelling older adults between the ages of 59 and 79 participated in the study and signed an informed consent approved by the University of Illinois (see Table 1 for demographic information). The participants were screened and excluded if they reported claustrophobia, any previous head trauma or head surgery, or if they scored below 51 on the revised and modified Mini-Mental Status Examination (high of 57). In addition, all participants reported no known prior neurological conditions, no prior substance abuse, no current use of any psychiatric medication, and no metallic implants. In addition, all MR images were visually inspected for abnormalities or evidence for stroke or tumors.
MRI measures
High resolution T1 MRI scans (1 mm ×1 mm× 1.3 mm) were collected on a Siemens 3-Tesla Allegra magnet on all participants.
VBM analyses
VBM is a method that can assess tissue atrophy on a voxelwise basis throughout the brain with high resolution. Detailed methods for this technique have been published elsewhere (Ashburner and Friston, 2000; Erickson et al., 2005 Erickson et al., , 2007 . In short, non-brain tissue was extracted from each image (Smith, 2002) . The images were then segmented into gray, white, and cerebrospinal fluid maps and registered into a stereotaxic space (Jenkinson et al., 2002) . A 12 mm FWHM Gaussian kernel was applied to each voxel. These maps were then used as tissue priors to seed the re-segmentation of the original images. After re-segmentation, the images were registered into stereotaxic space (MNI) and smoothed with a 10 mm FWHM Gaussian kernel. A study-specific template was used for second-level registration. Finally, the Jacobian determinant was calculated for the transformation into standard space and multiplied to the images in order to preserve volumetric information at each voxel (Mechelli et al., 2005) .
4.4.
Global volume measures
We assessed total gray and white matter volume by first applying a brain extraction technique to remove non-brain tissue (Smith, 2002) . These images were then segmented into separate gray and white matter maps and then total gray and white matter volumes were calculated as mm 3 to provide a total volume estimate for each tissue type.
Nutrition measures
Three-day food records are commonly employed to study food consumption and diet in a variety of populations, including older adults (e.g. Melanson et al., 2006) . In fact, 3-day food diaries are considered to be one of the standards by which other assessments, such as food-frequency questionnaires, are compared (e.g. Paalanen et al., 2006) . Three-day food diaries have also been validated by comparisons with blood nutrient levels (Luhrmann et al., 1999) . At the MRI sessions, participants were given a 3-day food record. Participants were encouraged to read the packet and record two weekdays and one weekend day of detailed food intake in the week immediately following the MRI session. The packet contained instructions on how to accurately record food intake and portion sizes. Participants also met with a registered dietitian (B.L.S.) within one week of receiving and completing the food record. The registered dietitian reviewed the food record with the participants to get an accurate assessment of food intake, dietary supplement use and portion sizes. To help participants with portion sizes, we utilized food models and pictures. Any corrections to portion sizes or misrepresentations of the diet were recorded and modified at this session.
The 3-day food record was analyzed using The Food Processor® Nutrition Analysis Software Version 8.3 (ESHA Research, Salem, Oregon). Mean daily intake of the B vitamins from the diet was calculated separately from the intake from vitamin supplementation. Sixty-five percent of the sample reported taking vitamin supplementation. The amounts from the diet and supplementation were then summed to obtain a total vitamin intake value for each of the B vitamins examined. The three B vitamins of interest in this study were measured as follows: vitamin B12 and folate in μg/day and vitamin B6 in mg/ day.
Statistical analyses
The gray and white matter partial volume maps resulting from the VBM analysis were interrogated on a voxel-by-voxel basis for variation in gray matter and white matter as a function of B6, B12, and folate intake. Total amounts (from both the diet and supplementation) of B6, B12, and folate intake were entered separately as continuous independent variables within a multiple regression model. Age, years of education, BMI, total calorie consumption, and sex were included as covariates of no interest. Statistical maps were thresholded at a voxel-wise threshold of Z N 3.1 (p < .001) uncorrected for multiple comparisons. FSL3.3 was used for all analyses.
To examine whether effects of B vitamins on brain volume were driven by dietary intake or supplementation we performed the same analysis as described above except with vitamin amounts obtained exclusively from the diet. Dietary amounts of B6, B12, and folate intake from the diet were entered separately as continuous independent variables within a multiple regression model. Similar to the analyses for total amounts of the B vitamins, age, years of education, BMI, total calorie consumption, and sex were included as covariates of no interest. Any observed differences between the results from dietary intake of the B vitamins and the results from the total amount of B vitamin intake can be attributed to supplement levels of each of the B vitamins. Therefore, this analysis isolates the effects for not only dietary intake of the B vitamins, but also for the effects of supplementation.
We also examined whether global measures of gray and white matter volume were related to vitamins B6, B12, and folate intake levels. Similar to the voxel-by-voxel approach for VBM as described above, we conducted a multiple regression analysis with vitamins B6, B12, and folate intake entered separately as continuous independent variables while controlling for age, sex, BMI, calorie intake, and years of education. SPSS for the Mac was used for these multiple regression analyses.
It is worthwhile to note that the multiple regression analysis allows us to assess the linear effects of different levels of B vitamins on predicting brain volume values. However, the term "greater" vitamin intake should only be interpreted within the context of the current sample (given the mean and standard deviations represented in Table 1 ). It is very likely that other amounts of B vitamins that are either higher or less than the amounts reported in this study may have no effect or detrimental effects associated with them. Therefore, we stress again that the term "greater" B vitamin intake should only be interpreted within the range of B vitamin intake with this sample.
